The ability of entecavir (ETV) to inhibit Duck hepatitis B virus (DHBV) infection in duck hepatocytes and ducklings was examined using lamivudine (3TC) as a comparator drug. ETV exhibited antiviral activity (50% effective concentration [EC 50 ], 0.13 nM) in DHBV-infected duck hepatocytes that was >1,000-fold more potent than that of 3TC (EC 50 , 138 nM). A 21-day treatment of ducklings with 1 mg of ETV per kg of body weight per day by oral gavage resulted in a mean reduction of log 10 3.1 in serum DHBV DNA levels. Daily treatment with 0.1 mg of ETV/kg was nearly as effective, achieving an average viral DNA level decrease of log 10 2.1. Reducing the daily dose of ETV to only 0.01 mg/kg resulted in an average viral DNA level decrease of log 10 0.97. Daily treatment with 25 mg of 3TC/kg resulted in an average viral DNA level decrease of log 10 0.66, compared to the log 10 0.20 drop seen for ducklings given the vehicle alone. ETV was also more effective in decreasing the DHBV DNA levels in duck livers after 21 days of treatment, causing average drops of log 10 1.41, log 10 0.76, and log 10 0.26 for dose levels of 1.0, 0.1, and 0.01 mg/kg, respectively, compared to a decrease of log 10 0.06 for 3TC at a dose level of 25 mg/kg. Levels of viral covalently closed circular DNA in the treatment group receiving 1 mg of ETV/kg were reduced compared to those in the vehicle-treated group. ETV and 3TC were both well tolerated in all treated animals. These results show that ETV is a highly potent and effective antiviral in the DHBV duck model.
Hepatitis B virus (HBV), a small DNA virus that replicates through an RNA intermediate, is a leading cause of chronic hepatitis. The World Health Organization estimated in 1996 that 350 million people were persistently infected with the virus worldwide (8) . Despite the availability of an effective vaccine against HBV, the prevalence of chronic infection has not significantly decreased (2) . Persons with chronic hepatitis B not only suffer the wide range of symptoms associated with hepatitis but are at significant risk for the development of cirrhosis and/or primary hepatocellular carcinoma. Chronic carriers of HBV, moreover, constitute a reservoir for new infections.
Therapy currently consists of treatment with alpha interferon, which is associated with several undesirable side effects and variable, sometimes low, response rates (3), and treatment with lamivudine (3TC), a pyrimidine dideoxynucleoside (reviewed in reference 5). While effective in reducing viral load, 3TC treatment leads to resistance in both immunocompromised and immunocompetent patients with chronic HBV infections who receive the compound for extended periods (1, 6, 9) . Consequently, there is an urgent need for new anti-HBV agents that are both safe and effective.
A number of compounds, most of which are nucleoside analogs that inhibit HBV polymerase and thereby interfere with replication, are currently under investigation for use in the chemotherapy of chronic HBV infection (for reviews, see references 3, 10, and 19). One of the most promising novel agents is entecavir (ETV; formerly BMS-200475), a guanosine analog that displays potent and selective inhibition of HBV. In HBVproducing HepG2 2.2.15 hepatoblastoma cell cultures, ETV exhibited potency in the nanomolar range, with a 50% effective concentration (EC 50 ) of 0.00375 M (7). ETV was also shown to be selective, since it had only modest activity against a panel of six unrelated RNA and DNA viruses (EC 50 s ranged from 10 to 80 M) (7) . Moreover, the concentration of ETV needed to cause 50% cytotoxicity (CC 50 ) in HepG2 2.2.15 cell cultures was 30 M, yielding a favorable selectivity index (CC 50 /EC 50 ) of 8,000. Most importantly, ETV had no appreciable adverse effect on the mitochondrial DNA of proliferating HepG2 cells (7) .
Studies of the mechanisms of action (14) confirmed that ETV triphosphate directly inhibits hepadnaviral polymerases and effectively suppresses the priming and elongation steps of HBV replication. To be effective antivirals, nucleoside analogs must be efficiently converted to their active triphosphate form. Phosphorylation studies examining ETV in both HepG2 and HBV-transfected HepG2 2.2.15 hepatoblastoma cells showed that ETV is readily phosphorylated by cellular enzymes to its triphosphate form with little accumulation of the intermediate mono-and diphosphate forms of ETV (18) . In addition, the intracellular half-life was determined to be relatively long (15 h) (18) .
Previous in vivo studies utilizing oral treatment of woodchucks (Marmota monax) chronically infected with Woodchuck hepatitis virus (WHV) have demonstrated the potency and effectiveness of ETV in reducing viral DNA concentrations to undetectable levels after daily administration of 0.02, 0.1, or 0.5 mg/kg of body weight for a period of 3 months (4). ETV was well tolerated, with no evidence of toxicity during the treatment or the 3-month posttreatment follow-up period.
The Duck hepatitis B virus (DHBV)-infected Pekin duck (Anas platyrhynchos) is also widely accepted as a model for evaluating new agents directed against HBV. The replication cycles of DHBV, WHV, and HBV are essentially the same (for reviews, see references 10 and 19) . The purpose of the present study was to evaluate the ability of ETV to inhibit hepadnavirus replication in this alternative HBV animal model by measuring levels of DHBV DNA in infected primary duck hepatocyte cultures and in DHBV-infected Pekin ducklings. In the in vivo evaluation, ducklings received ETV orally in three different dosages, a control group received the vehicle (distilled water) as a placebo, and a reference group received 3TC in a single dosage.
MATERIALS AND METHODS

In vitro evaluation. (i) Cell culture.
Primary duck hepatocytes were prepared from 10-day-old LeGarth or Berlill hybrid Pekin ducks by a modification of the method of Tuttleman et al. (16) . Cells were seeded into 48-well plates at 2.25 ϫ 10 5 cells per well and were cultured overnight in L-15 medium plus 5% fetal calf serum. The medium was then changed to L-15 plus 1.5% dimethyl sulfoxide. This medium was used for all subsequent culturing of the cells. For evaluation of cytotoxicity, cells were seeded into low-evaporation, 96-well plates at 4.5 ϫ 10 4 cells per well and were cultured as described above.
(ii) Assay for virus replication. Monolayers of primary duck hepatocytes in 48-well plates were infected with pooled inoculum derived from ducklings congenitally infected with DHBV16 (11) at a multiplicity of infection of 100 50% duck infectious doses per cell on day 2 after plating. Treatment with the study drugs lasted from day 4 after seeding through day 16 at a series of concentrations designed to generate information concerning the EC 50 of each drug. The medium was changed every day until day 6 after seeding and every 3 days thereafter. The inhibitors were made up in culture medium weekly and stored at 4°C until use. The cells were collected by trypsinization on day 12 of treatment. Intracellular viral DNA levels were evaluated by modified slot blot DNA hybridization similar to that described previously (12) by using a Molecular Imager (Bio-Rad) for detection and for quantification relative to a curve derived from blotted, known amounts of DHBV DNA. With this assay, the level of detection was 10 pg of DHBV DNA/well.
(iii) Assay for cytotoxicity. Cytotoxicity was evaluated using an XTT assay described previously (17) . Cells in 96-well plates were exposed to the drugs at the same concentrations used for the determination of the EC 50 s. After 7 days of drug treatment, the medium was removed from each well and replaced with 200 l of medium (phenol red minus RPMI medium plus 10% fetal calf serum) containing 0.3 mg of XTT tetrazolium (Polysciences, Inc., Warrington, Pa.)/ml and 0.01 mg of phenazine methosulfate (Sigma-Aldrich, Inc., St. Louis, Mo.)/ml. After incubation at 37°C for 4 h, the optical densities at 450 nm were read for all wells in an enzyme-linked immunosorbent assay (ELISA) plate reader. The CC 50 was defined as the drug concentration required to limit cell monolayers to 50% of the XTT tetrazolium-derived color intensity of untreated wells.
In vivo evaluation. (i) Experimental animals. Thirty ducklings were used in the in vivo drug evaluation; 28 of them were LeGarth Pekin ducklings obtained the day after they hatched from Metzer Farms, Gonzales, Calif., and 2 of them were ducklings congenitally infected with the Pekino strain of DHBV (P. L. Marion, unpublished data) that had hatched at the same time as the LeGarth ducklings. Two of the LeGarth ducklings were congenitally infected with DHBV. The other 26 were injected at 3 days of age with 10 5.5 50% duck infectious doses of the DHBV16 pool used in the in vitro evaluation. All ducklings were housed in the laboratory animal facility of the Stanford University Medical Center, Stanford, Calif. The experiments were reviewed and approved by the Stanford University Institutional Animal Care and Use Committee.
(ii) Experimental plan. Three-week-old, DHBV-infected ducklings were treated in groups of six, as shown in Table 1 . All treatments were delivered by gavage. The antiviral activity of the inhibitors was assessed by comparing the serum DHBV DNA levels of inhibitor-treated and control ducklings before initiation of treatment, during a 3-week course of therapy, and during a posttreatment follow-up period of 2 weeks. On days Ϫ8 and Ϫ4, blood samples were taken, and sera were prepared for analysis of DHBV DNA levels. On day 0, blood samples were taken and the ducklings were weighed and treated with a drug or the placebo. Treatment continued for 3 weeks, during which time the animals were weighed daily. Blood samples were taken on days 4, 7, 12, 16, and 21. On day 21, three of the ducklings in each group were sacrificed, and their livers were removed and stored frozen for subsequent analysis of viral DNA. The remaining animals were monitored for 2 weeks after cessation of treatment, with blood samples taken on days 25, 30, and 35. On day 35, these ducklings were sacrificed, and their livers were collected for quantification of viral DNA.
(iii) Slot blot assay for DHBV DNA in sera and livers. Total DHBV DNA levels in sera and in liver DNA extracts were evaluated by the modified slot blot DNA assay described for the in vitro evaluation, with sensitivities of 100 pg of DHBV DNA per ml of serum and 1 pg of DHBV DNA per g of liver DNA. Covalently closed circular DNA (cccDNA) was purified from liver homogenates as described previously (15) and was analyzed by electrophoresis through 1% agarose gels followed by blotting onto nylon membranes (Hybond N; Amersham Pharmacia Biotech, Piscataway, N.J.). Hybridization was performed as described previously (12) with a HiPrime Random Primer kit (Roche Diagnostics Corporation, Indianapolis, Ind.) for radiolabeling and DHBV16 DNA as a template.
(iv) PCR assay for DHBV DNA in sera. When viral titers were too low to be easily detected by slot blot hybridization, a quantitative DHBV DNA PCR ELISA was used. This assay is parallel to one created for HBV DNA (P. L. Marion and M. A. Winters, unpublished data) that gives results equivalent to those obtained with the Amplicor system (Roche Diagnostics) (regression coefficient, 0.857; sample number, 71; P Ͻ 0.001). The same DHBV DNA standard was used for both the slot blot and PCR assays, and PCR tests on slot blotpositive samples provided similar quantitative results. The lower limit of quan- (13) . DHBV-2 was biotinylated. Serial 0.5 log dilutions of DHBV-containing plasmid were amplified in parallel, along with duck serum standards prepared in-house. The PCR product was then quantified after being subjected to binding to avidin-coated plates and probing with a digoxigeninlabeled DHBV oligonucleotide (GGAGGCTAGACTGGTGGTGGAT); this oligonucleotide was detected by a peroxidase-labeled antidigoxigenin antibody (Boehringer Mannheim Corporation, Indianapolis, Ind.) that had reacted with an appropriate substrate. Optical densities were read against a curve generated by using known amounts of DHBV DNA.
RESULTS
Antiviral activity in DHBV-infected primary duck hepatocyte cultures. ETV was first evaluated for efficacy against DHBV in cultured monolayers of primary duck hepatocytes. Quantitation by slot blot titration of intracellular DHBV DNA levels after 12 days of treatment with serial dilutions of ETV and 3TC yielded EC 50 s of 0.00013 and 0.14 M, respectively, indicating that ETV is about 1,000-fold more potent than 3TC against this virus (Fig. 1) . The CC 50 for ETV was 8.1 M, yielding a very favorable selectivity index of 62,300. No cellular toxicity was seen with the highest levels of 3TC tested (100 M or 714-fold higher than its EC 50 ). These results confirmed the potent inhibitory effect of ETV against the hepadnavirus family and indicated that DHBV may be exquisitely sensitive to the drug.
Evaluation of DHBV-infected Pekin duckling model. Figure  2 shows the mean concentrations of DHBV DNA in the sera of ducklings as determined by slot blot assay and expressed as percentages of baseline (day Ϫ1) values before, during, and after daily treatment with the vehicle, with 3TC, or with three different dose levels of ETV. The results clearly show that the anti-DHBV activity of ETV in the duckling model is dose dependent and that even the lowest daily ETV dose of 0.01 mg/kg is more effective than 3TC administered at a dose of 25 mg/kg per day. 
FIG. 2.
Mean concentrations of DHBV DNA in the sera of ducklings before, during (days 1 to 21, n ϭ 6 in each treatment group), and after (days 22 to 35, n ϭ 3 in each group) treatment with the vehicle (distilled water) or the indicated daily dose of 3TC or ETV. The stippled area of the graph indicates the treatment period, and the hatched area shows the limit of detection by slot blotting. Evaluations of statistical significance were performed by the Student t test for day-21 concentrations compared to those for vehicle-treated controls at a P of Ͻ0.01 for all three doses of ETV and a P of 0.089 for 25 mg of 3TC/kg. kg, mean viral concentrations dropped below the level of detection and were considerably below the pretreatment level.
The serum DHBV DNA levels in the individual vehicletreated ducklings remained relatively constant over the 21 days of treatment, although the levels in four of the six animals showed gradual declines (data not shown). The mean reduction in serum viral DNA levels in the control (i.e., vehicletreated) group during the 21-day treatment period was 51% (log 10 0.31). All of the animals in the 3TC-treated group showed a reduction (mean, 78% or log 10 0.66) in DHBV DNA levels over the course of treatment. Viremia rapidly returned to pretreatment levels in all three ducks in the 3TC-treated group that were monitored during the 2-week posttreatment period. A rise in viral DNA levels above pretreatment levels was noted in all of these ducks after treatment.
The ETV-treated ducklings showed a marked decrease in serum DHBV DNA levels for all three dose levels. Treatment with 1 mg of ETV/kg per day resulted in a drop in DHBV DNA to undetectable levels (by slot blotting) in all six ducklings by day 12, and only one of the three ducklings monitored during the posttreatment period showed a rebound in its viral titer (data not shown). Five of the six ducklings treated with daily doses of 0.1 mg of ETV/kg showed viral DNA reductions (mean, Ͼ99% or log 10 2.1) to undetectable slot blot levels by day 21. All three of the animals observed posttreatment showed a rebound to pretreatment concentrations. For the ducklings treated with 0.01 mg of ETV/kg per day, DHBV DNA levels also decreased, but the mean decrease (90%) was somewhat lower than those with the higher doses, and only one of the treated animals achieved undetectable DNA slot blot levels.
A quantitative DHBV DNA PCR ELISA was developed to increase the sensitivity of detection to a level below that allowed by slot blotting. The results of the PCR-based assay done on sera from ducklings treated with the placebo and sera from those treated with 1.0 mg of ETV/kg per day can be seen in Fig. 3A and B, respectively. Using this assay, the mean reduction in serum DHBV DNA with the highest dose of ETV was log 10 3.12 (range, log 10 2.76 to log 10 3.46) after 21 days of treatment, whereas that of the placebo-treated group was log 10 0.27. Viral DNA levels in liver homogenates. Because the liver is the predominant target organ of hepadnavirus infection, DHBV DNA concentrations in the liver homogenates of the individual ducklings at the end of the treatment and posttreatment periods were determined (Fig. 4) . The ducklings in the 
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3TC-treated group exhibited mean viral DNA levels that were 88 and 93% of the level in the control group on days 21 and 35, respectively. All three ETV dose levels again showed superior activity. At day 21, the animals in the groups receiving daily ETV doses of 1, 0.1, and 0.01 mg/kg showed mean DHBV DNA concentrations that were 4, 17, and 55% of the control group level, respectively. At day 35, the mean viral DNA levels in the three ETV-treated groups rose to 12, 70, and 87% of the control group level, respectively. Reduction in viral cccDNA levels. Chronic HBV infections in humans are believed to depend on the maintenance of a key replicative intermediate known as cccDNA. Viral cccDNA is the key DNA replicative form used as a template for transcription of viral components, including the pregenomic RNA that serves as a template for virion DNA. Levels of cccDNA were determined in the ducklings treated with the placebo and in those treated with 1.0 mg of ETV/kg after 21 days of treatment and at the end of the 2-week follow-up period (Fig. 5) . Although the levels of this viral marker varied from duckling to duckling in the placebo-treated group, a mean threefold reduction in the level of cccDNA was seen in the ETV-treated ducklings relative to the control level at the end of the 3-week treatment period. These reduced levels were maintained during the 2-week posttreatment period, when the ETV-treated ducklings showed cccDNA concentrations that were more than fivefold lower than the control level.
Treatment was well tolerated at all dose levels. The tolerability of the inhibitors was assessed by monitoring weight gain and the general appearance of the ducklings in the six groups during treatment. There were no significant differences in mean weight gain among the treatment groups (Fig. 6) , which suggested that ETV and 3TC, at the doses used and in this limited study, were not toxic to the growing ducklings. While the livers of ETV-and 3TC-treated ducklings appeared indistinguishable from those of vehicle-treated (i.e., placebotreated) ducklings at necropsy, a detailed toxicity study involv- ing the monitoring of blood chemistry was not done. All of the animals appeared to be in good health throughout the study, except for a vehicle-treated duckling that inexplicably developed a swollen hock on study day 2. The duckling was kept in the study because its viral titers did not differ from those of the other animals in its group.
DISCUSSION
Chronic HBV infection remains a serious and life-threatening illness for millions worldwide. The frequent emergence of 3TC-resistant variants during 3TC treatment underscores the need for more effective therapies. In vitro and in vivo studies of ETV have repeatedly demonstrated its excellent potency, selectivity, and overall potential to be an effective inhibitor of HBV infection. The present studies were performed with the duck model to further characterize the antiviral activity of ETV against the high-titer hepadnavirus infection of a natural host.
In initial studies, determination of intracellular DHBV levels in duck primary hepatocyte cultures after treatment with serial dilutions of ETV showed this nucleoside analog to be a highly active (EC 50 , 0.13 nM) and selective (selectivity index, Ͼ62,000) inhibitor of DHBV replication. It is difficult to compare this measured level of potency to those published, since there is variation among laboratory assay systems. Nevertheless, the efficacy of ETV against DHBV appears to equal, if not exceed, published potency levels of all other nucleoside analogs effective against this virus (3, 10) . ETV was clearly superior to over 30 compounds with known anti-HBV activity that were tested in the cell culture system described here (P. Marion and R. Schinazi, unpublished data). Initial results from studies involving a variety of combinations of both ETV and 3TC in cell culture suggest that combinations of these two antivirals are likely to be additive (unpublished data).
In ducklings, the anti-DHBV activity of ETV was dose dependent, with all three daily dosage levels (0.01, 0.1, and 1 mg/kg) being considerably more effective than 25 mg of 3TC/kg per day in inhibiting DHBV replication. It should be noted that a single daily oral delivery of this dosage of 3TC was not an optimal treatment regimen for this virus-host model. The 2,500-fold-greater efficacy of ETV in ducks (Fig. 2 ) surpasses the differences determined in cell culture assays and suggests that differences in intracellular triphosphate levels, differences in pharmacokinetic parameters, or other factors may contribute to the enhanced potency observed in treated ducks. Interestingly, this multilog reduction in DHBV viremia after 7 days of treatment with 1 mg of ETV/kg per day (Fig. 3B) was very similar to that noted in a previous study of WHV-infected woodchucks treated with 0.1 mg of ETV/kg per day (4). To be effective, anti-HBV drugs must be able to reduce or eliminate viral infection within the liver. Decreases in viral levels in the liver, as judged by measurement of viral DNA in liver samples, mimicked the reductions observed in serum samples, though the overall reduction was less in the liver. Ducklings treated with the highest dose of ETV experienced the greatest reduction compared to those treated with the control (Fig. 4) . One of the most difficult HBV DNA targets to reduce in amount or to eliminate is the key replicative intermediate, cccDNA. This viral DNA form is the most resistant to antiviral treatment, since it does not replicate and is not thought to be directly sensitive to nucleoside analog inhibitors. During the relatively short 21-day treatment period, ETV therapy did reduce the levels of DHBV cccDNA by threefold compared with that of the controls. This relative reduction of cccDNA levels in ducklings that were still growing is most likely due to the inhibition of infection of new hepatocytes along with a reduction in the rate of recycling of mature viral DNA into the nucleus during the usual amplification of cccDNA in infected hepatocytes.
At the end of 3 weeks of daily treatment with 1 mg of ETV/kg, a delay in viral rebound was noted in samples of both the serum and the liver, in contrast to the increases in viral titers in serum to levels equal to or exceeding pretreatment levels for ducks treated with 25 mg of 3TC/kg. While the factors resulting in the delay in viral rebound in ducks treated with the highest ETV dose have not yet been determined experimentally, both the significant inhibition of DHBV DNA levels achieved and the ability to limit cccDNA levels may contribute to the sustained posttreatment response. In summary, these results, and the fact that ETV was well tolerated by the animals in our study, further support the continued clinical development of ETV for the treatment of chronic HBV infection in humans.
